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Abstract. The corrosion behavior of iron in 0.1M aqueous sulfuric acid medium has been studied in the presence and 
absence of: 4-methyl-4H-1,2,4-triazole-3-thiol and 2-mercaptonicotinic acid. Potentiodynamic measurements did not 
show any shift of corrosion potential toward a more negative potential indicating that these compounds mostly act as 
mixed inhibitors due to their adsorption on the iron surface. The adsorbed film of these molecules hinders the 
transport of the metal ions from the metal to the solution and also retards the hydrogen evolution reaction by acting 
as a physical barrier. The molecules were also studied with the density functional theory (DFT), using the B3LYP 
functional in order to determine the relationship between the molecular structure and the corrosion inhibition 
behavior. 
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1. INTRODUCTION 

Mild steel is broadly a valuable constructional 
material used in myriad diverse industries mostly due 
to its excellent mechanical properties and its low cost. 
The central problem with this material and generally 
with other metals is their vulnerability to corrosion, 
hence their surface must be protected from this 
undesired process. The protection of metals, apart 
from the use of classic inhibitors [1-7], can be also 
accomplished through the employment of surface 
modification strategies via chemical or electrochemical 
methods such SAM’s (Self Assembled Monolayers) 
formed from silanes [8,9], phosphonic acids [10,11], 
sodium oleate [12] or electrochemical reduction of 
aryldiazonium salts on metals [13,15], with the 
exclusion of 2,6-dimethylbenzene diazonium salt [15]. 
Nearly all of the important acid inhibitors are organic 
compounds containing N, O, P, S, and aromatic ring or 
triple bonds. It was proclaimed previously that the 
inhibition efficiency decreases in the order: O>N>S>P 
[3,4]. Density functional theory has become a 
convenient method to decipher experimental results, 
permitting one to obtain structural parameters for 
molecules [3]. In corrosion studies, this method makes 
it possible to accurately predict the inhibition efficacy 

of organic corrosion inhibitors based on 
electronic/molecular properties and reactivity indices 
[16]. In this study two different mercapto compounds: 
a) 2-mercaptonicotinic acid (2MA) and b) 4-methyl-
4H-1,2,4-triazole-3-thiol (4MT) were used as corrosion 
inhibitors for mild steel in 0.1M sulfuric acid solution. 
The adsorption mechanism and inhibition 
performance of 4MT and 2MA acid were investigated 
as corrosion inhibitors using DFT at the  
B3LYP/6-31G(d,p) basis set level. 

2. EXPERIMENTAL 

For the electrochemical measurements the 
electrode was prepared by embedment of mild steel 
wire (d=2mm, l=10mm) inside a Teflon® (d=1cm, l=6 
cm) tube by epoxy resin. Prior to its use, the electrode 
was polished on silicon carbide abrasive paper (median 
grain diameter 6.5 – 15.3 microns), passed onto second 
polishing cloth (DP-Nap) which was wetted by 
aluminum oxide (0.3 micron particle size), then the 
electrode was washed and sonicated in water. The 
chemical composition of the electrode was as follows: 
iron 99.5494 %, carbon 0.1252 %, phosphorous 0.0316 
%, manganese 0.1831 %, silicon 0.0561 %, chromium 
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0.0124 %, sulfur 0.0282 %, molybdenum 0.0125 % and 
nickel 0.0015 %. 

2.1. Electrochemical test 

The electrochemical studies were carried out with 
PalmSens3potentiostat in a traditional three-electrode 
cell at 298K. A graphite rod (d=3mm, l=4cm) and a 
saturated calomel electrode (SCE) were used as 
auxiliary and reference electrode, respectively. 

The potentiodynamic polarization curves were 
obtained by scanning the electrode potential several 
hundred mV versus EOCP with a sweep rate of 1mVs−1. 
All experiments were performed under atmospheric 
conditions. Each experiment was repeated at least 
three times to check the reproducibility. 

2.2. Computational details 

The calculations presented here were performed by 
using DFT method with the B3LYP functional using the 
6-31G*. This method permits calculating, in a 
reproducible manner, the molecular parameters 
(electronegativity, global hardness and softness, 
electron affinity and ionization potential may well be 
defined in relation to the energy of the HOMO and the 
LUMO, etc.) [3,16-18]. Some of the mentioned 
parameters, their meaning and the equations for their 
calculations are presented in the table below: 

Table 1. Some parameters, their meaning and equations for 
their calculation 

Formula Meaning 

X≈-1/2(EHOMO+ELUMO) 

Electronegativity (Χ) is 
the amount of the power 
of an electron or a group 
of atoms to attract 
electrons towards itself 

η≈-1/2(EHOMO-ELUMO) 

Chemical hardness (η) is 
the amount of the 
resistance of an atom to a 
charge transfer 

σ≈1/η=-2(EHOMO-
ELUMO) 

Chemical softness (σ) is 
the measure of the 
capacity of an atom or a 
group of atoms to receive 
electrons 

I≈-EHOMO 

Ionization potential (I) is 
defined as the amount of 
energy required to 
remove an electron from a 
molecule 

A≈-ELUMO 

Electron affinity (A) is 
defined as the energy 
released when a proton is 
added to a system. 

3. RESULTS AND DISCUSSION 

In Fig. 1 and 2, the anodic and cathodic polarization 
curves of mild steel electrode in0.1M H2SO4 solution 
are presented in the absence and presence of 1*10-3 M, 
1*10-4M of 2-MA and 4MT, respectively, at 298 K. The 
IE (%) was calculated using the following equation: 

𝐼𝐸(%) =
𝐼𝑎𝑏𝑠𝑒𝑛𝑐𝑒  𝑜𝑓  𝑖𝑛ℎ𝑖𝑏𝑖𝑡 𝑜𝑟

𝑐𝑜𝑟𝑟 . − 𝐼𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒  𝑜𝑓  𝑖𝑛 ℎ𝑖𝑏𝑖𝑡𝑜𝑟
𝑐𝑜𝑟𝑟 .

𝐼𝑎𝑏𝑠𝑒𝑛𝑐𝑒  𝑜𝑓  𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟
𝑐𝑜𝑟𝑟 .

∗ 100 
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Figure 1. The Tafel plot of the mild steel electrode measured 
in 0.1M H2SO4 solution: in the absence and in the presence of 

1*10-3 M and 1*10-4 M of 2-mercaptonicotinic acid (2MA). 

The values of electrochemical parameters, such as 
corrosion potential (Ecorr) and corrosion current 
density (Icorr), were determined from the intersection of 
anodic and cathodic Tafel slopes and are shown in 
Table 2. From the Tafel plot in Fig. 1 and Fig. 2, it’s 
evident that the adsorption of the 2-MA and 4MT 
respectively, molecules onto the mild steel surface 
immensely lowers the corrosion current of the m in this 
aggressive media, reflecting a high value of the 
corrosion inhibition efficiency up to 70.13 % for the 
2MA molecule and 63.17 % 4MT when both used at 1e-
3M. 
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Figure 2. The Tafel plot of the mild steel electrode measured 

in 0.1M H2SO4 solution: in the absence and in the presence of 
1*10-3 M and 1*10-4 M of 4-methyl-4H-1,2,4-triazole-3-thiol 

(4MT). 

The Resistance of the polarization (Rp) from Tafel 
extrapolation method was calculated using the Stern–
Geary Equation [19]: 

𝑹𝒑 =
𝜷𝒂 ∗ 𝜷𝒄

𝟐. 𝟑𝟎𝟑(𝜷𝒂 + 𝜷𝒄)
∗

𝟏

𝑰𝒄𝒐𝒓𝒓
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In Table 2, it can be seen that by increasing the 
inhibitor concentration, the polarization resistance 
increases in the presence of both of the compounds, 
implying the adsorption of the inhibitor on the metal 
surface which blocks the active sites efficiently and 
inhibits corrosion [4,20]. 

Table 2. The inhibition efficiency and other electrochemical 
parameters of the 2MA and 4MT inhibitors at 1*10-3 M and 

1*10-4 M toward the mild steel in 0.1M H2SO4corrosion 
media. 

Parameters Fe 
1e-4M 
4MT 

1e-3M 
4MT 

1e-4M 
2MA 

1e-3M 
2MA 

bc (V/dec) 0.058 0.092 0.089 0.090 0.097 

ba (V/dec) 0.103 0.082 0.090 0.074 0.115 

Ecorr (V) -0.470 -0.484 -0.478 -0.475 -0.477 

Rp (Ω) 639.4 2471.7 2579.8 1787.4 2467.6 

IE (%) - 63.13 70.13 61.03 63.17 
 

The values of cathodic and anodic Tafel slope 
(bc,ba) for both of studied molecules are found to 
change in the presence of the inhibitor. The Tafel slope 
variations suggest that both compounds influence the 
kinetics of the hydrogen evolution reaction [21]. This 
indicates an increase in the energy barrier for proton 
discharge, leading to less gas evolution [5]. 

Regarding the corrosion potential, the studied 
molecules almost do not change it, thus they express a 
behavior of a mixed inhibitor [3]. 
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Figure 3. The Tafel plot of the mild steel electrode measured 
in 0.1M H2SO4 solution: in the absence and in the presence of 
different molar ratio of x(2-MA/(4MT) =1, 0.66, 0.5, 0.33 and 

0 (c=1*10-3 M for both of the molecules). 

From the data presented in Table 3, it is obvious 
that the use of the mixed inhibitors in fact does not 
have an important impact on the IE. 

Table 3. The inhibition efficiency of the mixed inhibitors 
(2MA/4MT) at different molar ratios from 0 to 1 (each 1*10-3 

M) toward the mild steel in 0.1M H2SO4 corrosion media. 

x(2MA/4MT) 
Parameters Fe 

1 0.66 0.50 0.33 0 

bc (V/dec) 0.058 0.089 0.098 0.109 0.109 0.097 

ba (V/dec) 0.103 0.090 0.082 0.103 0.105 0.115 

Ecorr (V) -0.470 -0.478 -0.468 -0.470 -0.471 -0.477 
Rp (Ω) 639.4 2579.8 2284.8 2977.1 2801.3 2467.6 

IE (%) - 70.13 66.20 69.44 67.18 63.17 
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Figure 4. Optimized structures: A1. HOMO and LUMO A2. 
Electrostatic potential map and A3. Mulliken charge for 2MA 

and 4MT molecules. (B3LYP/6-31G* results in vacuo). 

The shape and symmetry of the HOMO and the 
LUMO are the central parameters for the estimation of 
the reactivity of a molecule [16,18]. The analysis of the 
HOMO indicates the regions of the molecule that have 
a tendency to donate electrons to electrophilic species 
while the analysis of the LUMO predicts the regions of 
the molecule with high tendency to accept electrons 
from nucleophilic species. In 2MA (Fig.4), the HOMO 
orbital has the highest distribution on the N1-C6, C4-
C5single bonds and C2=C6 double bond, which implies 
that these are the regions of the molecule with the 
highest tendency to donate electrons; the LUMO is 
localized on C3, C5 and C6 atoms. In 4MT molecule, 
the HOMO orbital is spread in the region between the 
C2-N3,N1-N2 single bonds, C2=N1 double bond and S 
atom; the LUMO is strongly localized at the part of SH 
group. Ionization potential is directly related to the 
energy of HOMO orbital and the electron affinity is 
dependent on the energy of LUMO orbital. Our results 
show that the HOMO and the LUMO are delocalized 
throughout the study. The energy of the HOMO shows 
the capability of the molecule to donate electrons. The 
molecule with the higher EHOMO has electrons with 
higher energy and therefore it can easily share these 
electrons with other species. In the investigated 
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compounds (Table 4), the EHOMO is larger in 4MT, 
consequently 4MT should have the highest tendency to 
adsorb onto the metal surface and to provide electrons 
the lone pair electrons on S and N atoms to the 
unoccupied iron d-orbital [6]. 

Table 4. The molecular properties for the investigated 
compounds using: DFT, B3LYP/6-31G (d,p). Results in 

vacuo. All energies are in eV. 

Molecule 4MT 2MA 

E(HOMO) -6.470 -6.370 

E(LUMO) -1.720 0.020 

∆E -4.750 -6.390 

μ 1.060 4.920 

IP 6.470 6.370 

EA 1.720 -0.020 

χ 4.095 3.175 

η 2.375 3.195 

σ 0.421 0.313 

ω 0.237 3.788 
 

The σ value for the investigated compounds is the 
highest for 4MT>2MA which fully agrees with the 
experimentally determined inhibition efficiency of the 
inhibitors. The dipole moment tells about the polarity 
of the molecule. Numerous researchers in the area of 
corrosion science have established that an increase in 
the inhibition efficiency is related to the increase in the 
dipole moment [3,7].The dipole moment for the 
studied compounds is the highest for 4MT, which 
concedes well with our experimental results. Some 
molecular properties do not only indicate the reactivity 
of molecules but also indicate the site selectivity in 
individual chemical species, i.e. the regions of the 
molecules on which certain types of reactions are likely 
to occur. The partial atomic charge on the atoms of the 
molecule is one of such parameters. The interaction 
between the metal and the inhibitor is often considered 
to preferentially take place on the atom with the 
highest negative charge. The Mulliken atomic charges 
for the studied compounds are reported in Fig. 4 and 
the highest negative charge on both of the molecules is 
located on the heteroatoms, which suggests that these 
centers have the highest electron density and would 
preferentially interact with the metal surface. 

4. CONCLUSION 

The inhibition efficiency of: 4-methyl-4H-1,2,4-
triazole-3-thiol (4MT) and 2-mercaptonicotinic acid 
(2MA)has been investigated by experimental 
techniques and quantum chemical approaches. 
Potentiodynamic measurements put in evidence the 
inhibitor properties of these molecules toward mild 
steel corrosion in aqueous acid medium. The quantum 
chemical calculations revealed information about the 
active centers (of the compounds) which would likely 
interact with the metal surface. The analysis of the 
HOMO and the LUMO orbital energies showed the 
possible electron-donating centers on the inhibitor 

molecules and this tendency is also confirmed by 
calculating charges on the atoms. Experimental and 
theoretical results show that the inhibition efficiency is 
the highest for 4-methyl-4H-1,2,4-triazole-3-thiol 
(4MT), and this value is in good agreement with the 
calculated Mulliken charges which impose that three 
nitrogen atoms are more prone to adsorption on the 
iron surface and thus have a greater impact on 
corrosion inhibition efficiency. All of the calculated 
theoretical parameters [energy of the HOMO (EHOMO), 
the energy of the LUMO (ELUMO), the energy difference 
between the HOMO and the LUMO (∆E), global 
hardness (η), global softness (σ) and the dipole 
moment (μ)] are in full agreement with the 
experimental results. 
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